Introduction {#Sec1}
============

The association between uric acid and chronic kidney disease (CKD) has been known since the 1890s \[[@CR1]\]. There is growing evidence that CKD is associated with hyperuricemia, but debate remains ongoing on whether renal impairment is due to a direct nephrotoxic effect of uric acid or due to the conditions caused by hyperuricemia. Recent experimental studies have demonstrated that hyperuricemia causes hypertension, afferent arteriolopathy, glomerular hypertrophy and increased glomerular pressure, but also tubulointerstitial damage \[[@CR2]--[@CR5]\]. Most studies have focused on uric acid-induced endothelial dysfunction, oxidative stress and inflammation in the kidney. The direct effects of uric acid on tubular cells have not been studied in detail, although the recent study by Ryu et al. \[[@CR5]\] showed that uric acid, at physiological concentrations, could induce phenotypic transition of renal tubular cells via both a decreased synthesis and an enhanced degradation of E-cadherin, thereby initiating epithelial--mesenchymal transition of renal tubules and interstitial fibrosis.

Most of the recent evidence for a direct pathogenic effect of hyperuricemia on the kidneys comes from animal studies. However, studies in humans have been demonstrated that hyperuricemia is associated with a decline in kidney function and that allopurinol might slow this decline \[[@CR6], [@CR7]\]. In one prospective study, patients with asymptomatic hyperuricemia treated with allopurinol showed significant improvement in glomerular filtration rate (GFR) after 3 months of the therapy \[[@CR8]\]. Siu et al. reported that among patients with CKD treated with allopurinol, 16 % progressed to end-stage renal disease compared to 46 % in the control group \[[@CR9]\].

Tubulointerstitial damage is characterized by inflammatory cell infiltrates, loss of peritubular capillaries, tubular atrophy and interstitial fibrosis. Tubular cells are important players in the initiation and progression of renal damage. Several tubular damage markers have recently been identified, and increased levels of these markers indicate tubular damage or acute kidney injury after various nephrotoxic insults, such as ischemia during cardiac surgery, sepsis and the administration of contrast medium \[[@CR10]\]. However, few clinical studies have been performed in patients with CKD. In addition, to the best of our knowledge the urinary levels of tubular damage biomarkers in patients with hyperuricemia have not been studied.

Neutrophil gelatinase-associated lipocalin (NGAL) is a promising emerging biomarker for early detection of kidney injury. It is a member of the lipocalin family that is expressed at low levels in several human tissues and rapidly released from renal tubular cells in response to various insults to the kidney \[[@CR11], [@CR12]\].

Another very well characterized urinary biomarker in both experimental animals and humans with renal disease is kidney injury molecule (KIM-1), which was isolated in 1998 by Ichimura et al. \[[@CR13]\]. KIM-1 is a transmembrane type 1 glycoprotein expressed at very low levels in the normal kidney. It is markedly upregulated in proximal tubules following renal ischemic or toxic injury in humans and experimental animals \[[@CR13], [@CR14]\]. Cherian et al. found that KIM-1 is a sensitive marker of early injury to tubular cells \[[@CR15]\]. The results of experimental and clinical studies show that elevated urinary KIM-1 levels are strongly related to tubular KIM-1 expression, indicating that KIM-1 is a very promising biomarker for the presence of tubule--interstitial pathology \[[@CR16]\].

Whether tubular injury plays a role in mild hyperuricemia remains unclear. Therefore, the aim of this study was to test the hypothesis that urinary levels of NGAL and KIM-1 are enhanced in pediatric patients with hyperuricemia.

Patients and methods {#Sec2}
====================

Informed consent was obtained from parents of all participants and children older than 16 years of age. The protocol was approved by the Bioethics Committee of the Medical University of Białystok in accordance with the Declaration of Helsinki.

The study included 88 children and adolescents (60 males, 28 females) aged 11--18 years who were referred to our unit (Department of Pediatrics and Nephrology, The Medical University of Białystok, Poland) between May 2010 and September 2011 in order to confirm or rule out hypertension. The majority of subjects were referred to our department by general practitioners who had determined that the patient had elevated causal blood pressure (BP). The subjects were divided into two groups: a hyperuricemic (HU) and normouricemic (reference) group, respectively. The HU group comprised 59 children and adolescents (49 males, 10 females) with hyperuricemia, defined as serum uric acid \>4.8 mg/dl in girls and serum uric acid \>5.5 mg/dl in boys \[[@CR17]\], confirmed primary hypertension or white-coat hypertension. The reference group comprised 29 teenagers (11 males, 18 females) with normouricemia and in whom at the moment of examination hypertension was excluded on the basis of ambulatory blood pressure monitoring (ABPM; mean systolic and diastolic daytime and nighttime BP levels of \<90th percentile for age, sex and height and load systolic and diastolic BP of \<25 %). The participants in the reference group had been full-term babies, with a normal birth weight, and were not receiving any medication at the time of the study. Family history of adolescents qualifying for this group did not reveal gout or hypertension.

Inclusion criteria for the study for all participants were an age of 11--18 years, normal clinical examination, normal renal function and patients who were not receiving antihypertensive or uric acid-reducing therapy. Exclusion criteria for entry into the study were heart failure, diabetes mellitus, renal or hepatic dysfunction, hematological disease, thrombocytopenia, systemic inflammatory conditions and autoimmune diseases.

For all subjects, careful clinical histories were taken and physical examinations were performed. Body weight and height were measured using a balance beam scale and pediatric wall-mounted stadiometer, respectively, and body mass index (BMI) was calculated as weight (in kilograms) divided by the square of height (meters squared). BMI *Z*-scores reflecting the standard deviation score (SDS) for the age- and gender-appropriate BMI distribution were calculated using the formula: BMI *Z-*scores = (50 percentile for age + gender)/½ × (50 percentile − 3 percentile for age and gender).

After 12 h of night fasting, between 7 and 8 a.m., urine and blood samples were taken for the measurement of the urine concentration of NGAL, KIM-1, creatinine (cr.) and albuminuria, plasma C-reactive protein level and serum creatinine, urea and uric acid levels, determination of the lipid profile, and morphological profile of the peripheral blood. Serum creatinine was determined by Jaffe reaction, and uric acid was measured using the Hitachi apparatus (Hitachi, Tokyo, Japan). The morphological characteristics of the peripheral blood were assessed using the Beckman Coulter MAXM AL flow cytometer (Beckman Coulter, Fullerton, CA). Serum cholesterol, high-density lipid (HDL)-cholesterol and triglycerides (TG) were determined by the enzymatic method using the Hitachi 912 chemistry analyzer (Roche Diagnostics, Indianapolis, IN).

The 24-h urine albumin excretion rate (UAER) was analyzed using a radioimmunoassay method. Albuminuria was considered as 24-h UAER \>30 mg/24 h. Micro- and macroalbuminuria were defined as 24-h UAER values of 30--300 and \>300 mg/24 h, respectively. The estimated glomerular filtration rate (eGFR) was calculated from the Schwartz formula: $\documentclass[12pt]{minimal}
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The concentration of urinary NGAL and KIM-1 was measured using a commercially available enzyme-linked immunosorbent assay (ELISA) kit according to the manufacturer's instructions. All specimens were diluted to obtain the concentration for the optimal density according to the instructions for the ELISA kit. Urine NGAL and urine KIM-1 levels were expressed in nanograms per milliliter. Urine creatinine concentration was used to normalize the NGAL and KIM-1 measurements to account for the influence of urinary dilution on its concentration. Finally, urine NGAL and KIM-1 levels were expressed as the NGAL/cr. and KIM-1/cr. ratio, respectively, in nanograms per milligram of creatinine.

ABPM was performed using Spacelabs Healthcare CardioNavigator (Spacelabs Healthcare, Issaquah, WA). The monitors were programmed to measure BP every 15 min during daytime (0800--2200 hours) and every 30 min during nighttime (2200--08.00 hours); however, these periods were corrected according to each patient's diary. Hypertension on the basis of ABPM was defined as mean systolic or diastolic daytime or nighttime BP levels that were ≥95th percentile.

Statistical analysis {#Sec3}
--------------------

All continuous variables were tested for normal distribution using the Kolmogorov--Smirnov test with the Lillefor's correction and the Shapiro--Wilk test. As most of the studied parameters were not normally distributed, descriptive statistics were calculated as the median with the interquartile range. The Mann--Whitney *U* test was used to compare continuous variables, and the chi-square (χ^2^) test with Yates' correction was used to compare categorical variables between two groups. Correlations between uric acid, the NGAL/cr. ratio, the KIM-1/cr. ratio and other studied variables were assessed using Spearman's correlation test. Two multiple linear regression models were created that included the NGAL/cr. ratio and KIM-1/cr. ratio as dependent variables. Statistical significance was determined at *p* \< 0.05. All calculations were made using the Statistica ver. 10.0 program (StatSoft Inc. Tulsa, OK) and the Stata/IC ver. 12.1 program (StataCorp LP, College Station, TX).

Results {#Sec4}
=======

The clinical and biochemical characteristics of the study participants are listed in Table [1](#Tab1){ref-type="table"}. The age of the HU patients did not differ from that of the healthy controls (*p* = 0.21). Males were more frequently affected with hyperuricemia than females. There were more males than females in the HU group \[49 (83.05%) vs. 10 (16.95 %), respectively\], whereas more females (*n* = 18, 62.07 %) than males (*n* = 11, 37.93 %) were found in the reference group (χ^2^ test 18.24: *p* \< 0.01).Table 1Clinical and biochemical characteristics of the group with hyperuricemia and the reference group (normouricemia)Clinical and biochemical parametersHU (*N* = 59)R (*N* = 29)*p* valueMedian (Q1;Q3) or proportionAge (years)16 (15; 17)16 (15; 17)NSSex (male/female), *n* (% male)49/10 (83.05 %)11/18 (37.93 %)\<0.001*Z*-score BMI2.12 (0.90; 3.87)−0.35 (−1.14; 0.46)\<0.001Serum uric acid (mg/dl)6.7 (6.23; 7.31)4.47 (3.8; 4.82)\<0.001Serum creatinine (mg/dl)0.79 (0.69; 0.91)0.56 (0.47; 0.68)\<0.001Urea (mg/dl)25.5 (22; 29)22 (19; 24)0.002Serum cholesterol (mg/dl)183 (144; 201)146 (139; 174)0.02TG/HDL ratio2.52 (1.59; 3.68)1.64 (1.22; 2.43)NSeGFR (ml/min/1.73 m^2^)90.10 (80.55; 103.57)118.64 (106.2; 148.34)\<0.00124-h urine albumin excretion rate (UAER) mg/24-h44.3 (8.64; 56.3)9.5 (4.75; 14.3)\<0.00124 SBP (mmHg)132 (122.5; 137)118 (112; 122.5)\<0.00124 DBP (mmHg)71 (66.5; 75)66 (61.5; 70)\<0.001uNGAL (ng/ml)8.54 (3.04; 18.55)1.49 (0.81; 3.24)\<0.001NGAL/cr. (ng/mg cr.)8.68 (2.08; 23.51)1.14 (0.63; 2,58)\<0.001uKIM-1 (ng/ml)1.3 (0,99; 2.1)0.85 (0.38; 1.34)\<0.001KIM-1/cr. (ng/mg cr.)1.26 (0.76; 1.87)0.75 (0.46; 1.14)\<0.001Data in table are presented as the median with the interquartile range (IQR; Q~1~;Q~3~) given in parenthesis, unless stated otherwiseHU, Hyperuricemic group; R, reference group (normouricemia); BMI body mass index; TG, triglycerides; HDL, high-density lipoprotein; eGFR, estimated glomerular filtration rate; SBP, systolic blood pressure; DBP, diastolic blood pressure; uNGAL, urine neutrophil gelatinase-associated lipocalin; UKIM-1, urine kidney molecule-1; NS, not significant

The body height, body weight and BMI of HU adolescents were higher than those of adolescents in the reference group (*p* \< 0.001), which can be partially explained by the difference in number of males and females in each group. However, the median BMI *Z*-score in the HU group was 2.12 (IQR 0.90--3.87) and higher than that found for the reference group (*p* \< 0.001). Thirty-six subjects (61.01 %) from the HU group were classified as overweight or obese. Compared to the reference group, the HU patients had increased serum creatinine (*p* \< 0.001) and urea levels (*p* \< 0.01) and decreased eGFR (*p* \< 0.001). HU subjects also had a higher cholesterol level and 24-h UAER than those in the reference group (*p* \< 0.05 and *p* \< 0.001, respectively) (Fig. [1](#Fig1){ref-type="fig"}). We found significant differences in the urine NGAL and urine NGAL/cr. ratio, and in the urine KIM-1 and KIM-1/cr. ratio between HU patients and the reference group. The median urine NGAL concentration (in ng/ml) and NGAL/cr. ratio were 5.7- and 7.6-fold higher in HU patients than in the reference group. There was a statistically significant correlation (*p* \< 0.001, *R* = 0.56) between urine KIM-1/cr. and urine NGAL/cr. levels in the HU group.Fig. 1Comparison of the urine neutrophil gelatinase-associated lipocalin/creatinine (NGAL/cr.) ratio and the kidney injury molecule-1 (KIM-1)/cr. ratio between patients with hyperuricemia and the reference group

Single regression analyses revealed that the serum uric acid level was positively correlated with both the NGAL/cr. and KIM-1/cr. ratios (*R* = 0.67, *p* \< 0.001 and *R* = 0.37, *p* \< 0.001, respectively). The urine NGAL/cr. ratio was also positively correlated with body weight (*R* = 0.32, *p* = 0.002), BMI *Z*-score (*R* = 0.37, *p* \< 0.001), serum creatinine level (*R* = 0.28, *p* = 0.007), urea (*R* = 0.25, p = 0.02), total cholesterol level (*R* = 0.27, *p* = 0.01), 24-h UAER (*R* = 0.39, *p* \< 0.001), systolic BP (*R* = 0.25, *p* = 0.02) and diastolic BP (*R* = 0.29, *p* = 0.008) and negatively correlated with eGFR (*R* = −0.26, *p* = 0.01). The urine KIM-1/cr. ratio was correlated positively with body weight (*R* = 0.27, *p* = 0.01), BMI *Z*-score (*R* = 0.3, *p* = 0.004) and serum creatinine levels (*R* = 0.31, *p* = 0.003) and negatively correlated with eGFR (*R* = −0.29, *p* \< 0.01).

The factors that were found to have a significant correlation with the urine NGAL/cr. ratio and KIM-1/cr. ratio in the single regression analyses were used as explanatory variables to create the multiple regression models. To reduce the impact of multicollinearity we first removed a number of correlated variables and then eliminated a few more non-significant (in the model) variables. This procedure resulted in the creation of the two models shown in Tables [2](#Tab2){ref-type="table"} and Table [3](#Tab3){ref-type="table"}, respectively. In the first model (Table [2](#Tab2){ref-type="table"}), the remaining three parameters (serum uric acid, systolic BP and cholesterol level) accounted for more than 49 % of the variation in the NGAL/cr. ratio (*R* = 0.702, *p* \< 0.001). In the second model (Table [3](#Tab3){ref-type="table"}), the remaining four parameters (serum uric acid, gender, age and systolic BP) accounted for more than 36 % of the variation in the KIM-1/cr. ratio (*R* = 0.604, *p* \< 0.001). It is interesting to note that male gender correlated negatively with the KIM-1/cr. ratio in this model.Table 2Multiple linear regression analysis of the NGAL/creatinine ratioVariablesCoefficientStandard error95 % Confidence interval*p* valueSerum uric acid7.241.014(5.22; 9.27)\<0.001Systolic blood pressure−0.1370.0478(−0.233; −0.042)0.005Cholesterol0.09960.0399(0.0201; 0.1792)0.02Table 3Multiple linear regression analysis of the KIM-1/creatinine ratioVariablesCoefficientStandard error95 % Confidence interval*p* valueSerum uric acid0.4640.0799(0.305; 0.624)\<0.001Gender−0.7290.242(−1.212; −0.246)0.004Age0.1190.0609(−0.0021; 0.2405)0.05Systolic blood pressure−0.01030.0039(−0.018; -0.0025)0.01

Discussion {#Sec5}
==========

Our results demonstrate that male, obese, hypertensive adolescents with hyperuricemia have higher urine NGAL and KIM-1 levels than adolescents with normouricemia (the reference group). Another important finding was the positive correlations between serum uric acid and the urine NGAL/cr. and KIM-1/cr. ratios. Additionally, both urine biomarkers correlated with parameters of renal function. This correlation is in accordance with the results reported by other authors who confirmed this relationship in immunoglobulin A (IgA) nephropathy, diabetic nephropathy and autosomal dominant polycystic kidney disease \[[@CR18]--[@CR20]\]. However, the results of our study raise the challenging question of the "chicken and egg" dilemma with regard to uric acid and renal adverse outcomes. It is possible that the uric acid is causing, or contributing to, subclinical kidney disease.

The epidemic of metabolic syndrome, a major public health problem, correlates with an excessive intake of fructose \[[@CR21], [@CR22]\]. Recent studies have demonstrated that urinary uric acid excretion is remarkably reduced in fructose-fed rats, resulting in hyperuricemia which in turn plays a pathogenic role in renal dysfunction and metabolic syndrome \[[@CR22], [@CR23]\]. A large and growing body of evidence suggests that hyperuricemia might be a risk factor for renal dysfunction \[[@CR24]\]. Hu et al. \[[@CR25]\] demonstrated that in fructose-fed rats, not only was there a reduction in urine uric acid and creatinine excretion, but there was also a significant elevation of serum creatinine and blood urea nitrogen levels, indicating renal dysfunction.

The molecular mechanism for fructose-induced hyperuricemia was proposed by Le et al. \[[@CR26]\]. These authors demonstrated that SLC22A, one of classic polyspecific urate transporters in the proximal kidney tubule which take part in the reabsorption and secretion of renal uric acid, plays a pivotal role in renal dysfunction. The organic cation transporters OCT1 (SLC22A1) and OCT2 (SLC22A2) in the proximal renal tubules cooperate with each other in the excretion of organic cations from the kidneys. Decreased expression level of rOCT2 in the rat kidney was shown in ischemia- and reperfusion-induced acute kidney injury \[[@CR27]\] and in hyperuricemia \[[@CR28]\]. The reduction of renal expression of other transporters was also reported in streptozotocin-induced diabetic rats \[[@CR29]\] and nephrotoxicity \[[@CR30]\].

The mechanism of HU nephropathy is still a matter of debate. Previous studies have demonstrated uric acid-induced endothelial dysfunction and local inflammation in the kidney as major mechanisms of renal disease \[[@CR2], [@CR7], [@CR24], [@CR31], [@CR32]\]. However, the novel finding of Ryu et al. \[[@CR5]\] strongly suggest that uric acid also has direct effects on renal tubules. In this study, the authors observed phenotypic transition of the renal tubules before the development of renal dysfunction and significant tubulointerstitial fibrosis in hyperuricemic rats, which was ameliorated by uric acid-lowering therapy. The study by Han et al. \[[@CR33]\] showed uric acid-induced inhibition of tubular cell proliferation in vitro. Another study demonstrated an upregulation of ERK, BAX and α-SMA in HK-2 cells exposed to uric acid using SILAC coupled to liquid chromatography-mass spectrometry \[[@CR34]\].

In our study we confirmed an increased urine level of tubule damage markers in male adolescents with hyperuricemia. It is worth noting that the urine NGAL/cr. ratio in patients with hyperuricemia was about sevenfold higher than that in the normouricemic subjects in the reference group, while the urine KIM-1/cr. ratio exceeded the values of reference group by only twofold. It is difficult to explain this result because we found a statistically significant correlation between the urine NGAL/cr. and KIM-1/cr. ratios. One possible explanation might be that the urine KIM-1/cr. ratio correlates with gender and is lower in males; in our study, there was a preponderance of males in the HU group.

A review of the literature found no data on the association between serum uric acid and the urine NGAL/cr. or KIM-1/cr. ratios. Urine NGAL has been studied extensively in preclinical and clinical models and has been found to be a potential biomarker of a number of pathologic conditions, including acute kidney injury, diabetic nephropathy, IgA nephropathy, contrast nephropathy, and a useful tool in disease monitoring in other renal diseases, such as delayed graft function, lupus nephritis, IgA nephropathy and polycystic disease \[[@CR20], [@CR35]--[@CR37]\].

In recent years, there has been an increasing amount of data published on role of KIM-1 in kidney injury. KIM-1 appears to play a role in the pathogenesis of tubular cell damage and repair in experimental and human kidney disease. It has been found to be upregulated after nephrotoxicant-induced renal injury \[[@CR38]\] and in the murine model of polycystic kidney disease \[[@CR39]\] and human renal carcinoma \[[@CR40]\]. Vaidya et al. \[[@CR41]\] obtained interesting results which demonstrated that KIM-1 was increased 1 day after ischemia--reperfusion injury in rats, before a rise in proteinuria or plasma creatinine could be observed, indicating that KIM-1 is a very early, specific biomarker of acute kidney injury. As already mentioned, very little information is currently available in the literature on the influence of uric acid on urine KIM-1 levels. Nepal et al. \[[@CR42]\] reported one case of acute urate nephropathy and one case of chronic urate nephropathy in two pediatric patients. These authors demonstrated the upregulation of KIM-1 in proximal tubular cells, which implicates a role for KIM-1 in proximal tubular injury in urate nephropathy. This observation was confirmed in our study. It is also worth mentioning that some hyperuricemic patients had first or second degree CKD based on a decreased eGFR, elevated levels of serum creatinine and albuminuria. We also found statistically significant correlations between both NGAL and KIM-1 and parameters or renal function. These results lead us to consider that elevations in NGAL and KIM-1 levels may reflect the degree of CKD due to hyperuricemia. However, this notion must be confirmed in larger group of patients.

Another point which should be discussed is the positive correlation between the NGAL/cr. ratio and components of metabolic syndrome. In our study, most of the HU patients (67.79 %) were hypertensive, with 61.01 % being overweight or obese. Our finding of a correlation between NGAL and BP values is in agreement with those reported by Eirin et al. \[[@CR43]\] who showed that urinary levels of NGAL were elevated in both essential hypertension and renovascular hypertension. It seems possible that these results were due to ongoing kidney and systemic inflammation and ischemia in hypertensive patients. These findings further support the notion of Blumczynski et al. \[[@CR44]\] who considered that in children with primary hypertension, increased serum and urine NGAL may reflect kidney injury earlier than typical markers of hypertensive nephropathy. Recent evidence suggests that NGAL may also be involved in chronic vascular remodeling during the development of atherosclerosis \[[@CR45]\]. In our study we found a significant correlation between NGAL and serum cholesterol level, but not with TG level and the TG/HDL ratio (which is considered to be a marker of atherosclerosis). In reviewing the literature, we found no data on the association between urine NGAL and BMI or obesity; therefore, further research should be conducted to investigate this relationship.

We also found a positive correlation between the urine KIM-1/cr. ratio and the BMI *Z*-score. However, we were unable to obtain any data on this relationship in the literature.

The findings of this study suggest that urine NGAL rather than urine KIM-1 may serve as an early marker of tubular damage due to hyperuricemia. However, this research may only serve as a base for future studies.

Finally, a number of important limitations to this study need to be considered. First, this study is limited by its relatively small study population and cross-sectional nature. Secondly, the reference group was not a group of healthy teenagers, but a group of patients with normouricemia, in whom hypertension was not confirmed in 24-h ABPM, so they were considered to be the white coat hypertension group. Thirdly, there were the evident differences between the study groups, with the HU group consisting of predominantly of adolescent males mainly with a high BMI *Z*-score and reference group including relatively more females with white coat hypertension.
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